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A New High-Performance 1.5 MHz Tape Recorder 



A new instrumentation-quality 
tape recorder has been de- 
signed around a current- 
rather than voltage-sensing 
input amplifier. Decreased 
noise and wider bandwidth 
are direct benefits of this ap- 
proach. 

Instrumentation i \pi recoruers re- 
quire highly-sophisti< ated liu-i h- 
anisms and elec ironies io maintain pre- 
cise tape speed, and to record and 
reprodut e signals without cm cssive dis- 
tonion .mil noise o\ei wide band- 
widths. Complex tape transpori mech- 
anisms are cosih. Signal circuitry de- 
signed ii> minimize distortion and 
noise iii critical instrumentation .>]> 
plications often becomes complicated 
ami general!) includes a large number 
dl components, 

A complete!) different approach to a 
magnetic tape system lias been used in 
a new I. b MH/ tape recording system. 
Fig. I. I he reproduce head leeilsa low- 
impedance preamplifier whin li senses 
current raihei than voltage, l~his 
scheme improves the noise perform- 
ance oi i lie- svstcm. permits greatet flex- 
ibiliiv oi design and reduces die delete- 
rious effects ol head wear. Amplifiers 
designed lot [his system use large 
amounts <>i feedback, resulting in tew 
distortion with less than hall the num- 
ber ol transistors used in previous sys- 
tems. \ simplified precision tape trans- 




Fig. I. Lout-impedance preamplifiers 
used in Ihe new -hp- 3.9.50 Series Tape 
Recorders sense current output of the 
reproduce heads instead oj collage. The 
result in a signal-to-noise ratio of greater 
than 30 dli from 40V Hz to 1.5 MH:. and 
0 greater design flexibility permitting 
lower system cost, while maintaining 
high performance. The system is avail- 
able with up to fourteen record and re- 
produce channels as shown. 



port eliminates the need foi servo 
speed controls, All of these features 
combine to provide high performance 
at relatively low cost 

Because the cost Of tin's 1.5 MHz sys- 
tem is comparable to the cost of ion 

kHz systems, use oi the ni.u hine can he 

general; that is* i<»i wide-hand I J 
MH/. medium bandwidth 300 kHz, or 
narrow-band mo kHz instrumentation 
applications. While the cost ol this 
class oi recorder has been reduced l>\ 
about 60%, its performance and ease 
ol use have improved. 

The lilac hine is available in ihe two 

most common configurations used for 
analog recording One is Direct, which 
in principle is the same as ordinary 
home recording, and the othei is FM. 
In the Direct Mode, the m. a hine has a 
range ol bandwidlhs From 1.5 MH/ for 
I j minutes pla\ ing time CO 28:5 kHz for 
Iti hours, and at an) <« tave in between 
using standard 1 1-inch reels. 

Ill the FM Mode, the bandwidth foi 
a given playing time is about 25^J ol 
that oi the i oi responding Direct ma- 
chine, but KM recording eliminates 
tape-caused dropouts and also has ihe 
capability of passing dc. Fig. 2 shows 
the various bandwidlhs and recording 
limes ol the new recorder. Signal-to 
noise raiio at a bandwidth ol 1.5 MHz 
is greater than SO dfi at low (I", | clis- 
ion ion levels. 

RECORD CIRCUITRY 

I tie I *' MHz bandwidth is achieved 
in the Direct record mode. An input 
signal is led thioiigh an input attcnua- 
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Fig. 2. Frequency response in the FM mode and Direct mode 
at a tape speed of 120 ips la) and :t 3 , ips rfc*. In the FM 
mode, handieidth is exchanged for dc response anil freedom 
from dropouts. 



tot to (he record amplifier, Fig. I he 
output o( the record amplifiei goes to a 
llux equalising filter which boosts the 
high-frequency end ol the band, com- 
pensating for head-caused hlgh-fre* 
queue \ losses. Output from the lltiv 
equalising Bltei is mixed linearly with 
the bias. Mien the continued signal is 
fed to the retold head. 

Bias is generated b) a push-pull os- 
cillator lollowed b\ .i balanced am- 
plifiei. providing a 7 Mil/ bias signal 

to each direct-record amplifier. An 

\(.(. loop holds ihe bias level to with- 
in i ■, (IB regardless of load. 

li is import, i m that the bias c in rent 
be snbsiantiallx free ol even harmonic v 
They should be well below U.I' , ol ihe 

fundamental, since the bias amplitude 
is close lo ihe saturation level ol the 
tape. Consequently, even harmonic dis- 
tortion in the bias causes dc magnetisa- 
tion on the tape which in turn causes 
even harmonic distortion Of the re- 



Record heads of a complete 1.5 
MHz magnetic head assembly are 
shown mounted in a fixture prep 
aratory to aligning gap-to-gap spac- 
ing according to IRIG standards. In 
this process, a mask is placed over 
the heads and the gaps are viewed 
through a narrow slit with the aid 
of a microscope. After gap spacing 
is adjusted, the heads are fixed to 
the baseplate. 



i orded (information) signal. I he push- 
pull bias amplifier reduces even har- 

monil distortion (0 well below 0.1%. 
In addition, the bias is fed through a 
bandpass Idler before mixing with (he 
signal to he rec orded. 

Ml ol the rec ord dec ironic s < ompo- 
nents are contained in a single module 
accessible from ihe front. Cable s to the 
heads are term ina led in iheii eharac- 
teristil impedance. Thus ii is not 
nccessan to mount the bias chiver ad- 
jacent to the he. ids, since the cable ca- 

pac italic e does (101 load the bias source. 

The ineiet amplifiei has one stage of 
amplification. \ I wo-posii ion switch 
pei mits monitoring signal level or 

i hec king bias. 

Hi ret I Rec oid modules and FM Re 



cold modules may be used in dillereni 
channels at the same time in the sys- 
lem. 

REPRODUCE CIRCUITRY 

\ reproduce curreni preamplifier (or 
each channel is iocaied on the trans- 
port chassis behind 'he heads. These 

preamplifiers provide a stable, low- 
noise, low-distprtion signal to ihe re- 
produce amplifiers. The reproduce 
amplifier module. Fig. I. contains an 
amplitude equalizer followed by a 
voltage amplifier, then a gain control 
lollowed by an amplitude and phase 
equalizer and finallv a power amplifiei. 

Current gain of ihe system is about 
I at), DDI) at short wavelengths (Wave- 
length equals lape speed divided bv re- 
corded frequency ) of about SOmit roin- 
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Fig. 3. Record circuitry includes a flux equalizing filter to 
compensate for high-frequency losses in the record head. 
One bias oscillator is used for each set of seven channels in 
the system. 
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Fig. 4. Reproduce amplifiers use a /urge amount of feedback 
around all the transistors to provide low distortion with a 
minimum number of components. 



dies ;u 1.5 MH/. The total noise from 
the tape, head and the dec 'ironies (re- 
ferred to 1.5 MHz) is about 4 namum- 
peres al i he input of ilie preamplifier. 

Equalization is required to eompen' 
sate for aboui a 26 (IB roll-oil at high 
fret|iieni it s. This roll-nil results from 
lessened head-tape ellii ient \ .it short 



wavelengths. Because the amplitude 
equalizer causes phase error, phase 
equalization is provided. An example 
oi the losses in the record reproduce 
system and the equalization required is 
shown in Fjg. 5. 

CURRENT PREAMPLIFIER 

One ol the impoi taut lea lures of the 



direct reproduce system is the current 
preamplifier*;' Because the preamplifiei 
senses Short-circuit current of the repro- 
duce head rather than 0|>en circuit 
voltage (as iu most other systems), rea- 
sonable lengths ol hcad-to-prcamplifier 
cable can he used without Unpredic- 
table variations occurring in the pass- 
hand. Such variations are caused by 
resonance between the inductive head 
and the connecting table-capacitance. 
The low impedance of this preampli- 
fiei shorts out that capacitance with 
respet t to the signal cut rent and avoids 
the unwanted unpredictable peaking 
in the passband. 

Preamplifier signal-to-noise ratio is 
maximum only oxer, a specilii source 
impedance range, because a transistor 
amplifier exhibits minimum noise ouh 
when iis source is a particular value. 2 
Where an Rl. soune is seen b\ the pre- 
amplifier, i hi-- low noise figure is 
achieved ovei a relatively narrow fre- 
quency range. In this system, the t able 

1 A detailed discussion of the current preamplifer will be 
found in the article on page 8 in wis issue. 
'I. M, Pett.t and M. M McWhorter, Electronic Amplifier 
Circuits. McGraw-Hill Inc., N.Y., 1961. p. 276. 
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Fig. 5. Losses in the record /reproduce 
process must he made up by equaliza- 
tion in the reproduce system. 
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Fig. 6. Typical reproduce system re- 
sponse illustrates how distortion har- 
monics are accentuated relative to their 
fundamental 



MAGNETIC TAPE RECORDING 
AND REPRODUCING 



The most common method of recording 
is called 'Direct: Very wide bandwidths can 
be achieved in the Direct mode. In the 
-hp- Model 3950 system, a bandwidth of 
1.5 MHz makes possible wideband appli- 
cations including transient studies, shock 
wave studies, and predetection recording. 
High-frequency pulses can be recorded at 
the high recorder speeds, then played 
back at a slower speed for recording of a 
permanent visual record on an oscillo- 
graph. 

The recording head is an electromagnet 
with a minute gap in the core at the point 
of contact with the magnetic tape Mag- 
netic tape has a coating of magnetic mate- 
rial which is initially demagnetized. The 
tape, as it passes over the gap. acts as a 
magnetic shunt. The signal to be recorded 
is first mixed with a high-frequency bias 
current before being applied to the record 
head winding. This places the signal on a 
linear portion of the magnetic tape coat- 
ing B-H curve. As the tape leaves the trail- 
ing edge of the gap during recording, the 
tape coating is left permanently mag- 
netized in a manner depending upon the 
frequi icy and intensityof the input signal. 

The reproduce or playback head is sim- 
ilar to the record head except for a smaller 
gap width. When magnetized particles are 



Magnetic tape 



Fringing dux 



Magnetic coating 
(-200 cinches 
thick) 

L 




Record head pole pieces 



Cross-section or the record process. The 
(zinging IlUX penetrates the coating 
ana, as tfie tape moves across the gap. 
leaves a series ot magnetized segments 
representing the recorded signal. 



shunted across its gap, a magnetic flux is 
established in the core. As the tape 
moves, the flux induces a current in the 
reproduce head winding proportional to 
the intensity of magnetization of the tape 
particles The playback current, equalized 
tor losses in the various components of 
the system, re creates the original signal. 
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Fill. 7. A simple open loop tape drite permits easy threading of the tape. 
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Fig H Prime noise source* and fill'''' elements of the 
tape drive (a) are thawn in its electrical analog (h). 



between i lie head and die preamplifier 
adds capacitance to the head resistance 
and inductance! and thus shapes the 
resonance curve so that the preampli- 
fier sees thcoptimuni source impedance 
over a wider frequency range. This res- 
onance has no effect on the signal re- 
sponse. It only causes the noise re- 
sponse of the system to dip over this 
wider range, "l lius, t able capacitance is 
turned to advantage. 

LOW DISTORTION AMPLIFIERS 

The typical reproduce equalisation 
curve. Fig. G. shows that if a signal is 
distorted piioi to passing through the 
equalization] then the distortion com- 
ponents are accentuated by the equal- 
ization^ In Fig. <i. .1 750 kHz signal is 
amplified only about one-third as mui h 
as a 1.5 MHz signal. Therefore, the 
fundamental of a 7'>0-kH/ signal with 
second harmonic distortion (that is 
with an undcsired 1-5 MH/ compo- 
nent) will be amplified b\ unity, but 
the set ond harmonic will be amplified 
by a factor of 3. Thus 1";, distortion at 
the front end of the reproduce ampli- 
fier becomes .1* ;, distortion at the out- 
put. 

in this tape system ai the standard 
record and reproduce levels, reproduce 

amplifier distortion, including the ex- 

t ess m.iguifu ation due to the equalizer , 
is typically l>elow o.i 1 ,,. This low dis- 
tortion is achieved through the use of 
three- and four-transistor amplifiers 
with feedback around the several tran- 
sistors. A bonus of this design is that 
onl) fifteen transistors are required per 
channel int lulling metering, instead of 
the usual 30 to till transistors, Ten of 
these transistors arc in the reproduce 

electronics. 

TAPE TRANSPORT 

I he paramount objective oi an) 
transport is to move the tape at a uni- 
form s|K*ed. both on an average and on 
an instantaneous basis past the Meads. 
Otherwise, time displacement error, 
noise, level shifts and generally erratic 
recording .md reproduction will result 

Ruggedncss and high pc-i lot niani e 
have l)cen achieved bv simplifying 'he 
tape transport, Fig. 7. Highly-damped 
synchronous motors drive the capstan, 
eliminating the need for complex servo 
systems, A total of three mechanically- 



coupled synchronous motors ate En the 
transport, each capable of two speeds. 
I hits. six speeds are available. Nor- 
mally, standard GO H/ power is sunt 
cienlly accurate for ordinary operation. 
Otherwise, a 60 11/ precision power 

supply should be used. 

A novel system of mechanical brak- 
ing is used which maintains constant 
braking tension on the reels regardless 



ol wear of the braking materials or the 
coellic iciu ol li H limi. Motor torque is 
controlled to insure constant tension 
in all modes ol operation, insuring an 
even tape pa< k on both the suppl) anil 
take-up reels, and lonsi.mi pressure 
against the he. id. 

Because powei dissipation in the 
transport has been reduced bv elitui- 
naling the need lot complex setvo s\s- 
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SQUARE WAVE RESPONSE OF THE -hp- MODEL 3950 
MAGNETIC TAPE RECORDING SYSTEM 



Phase performance of a linear system may be 
checked by applying a low-repetition rate square 
wave to the input and analyzing the output wave- 
form. A square pulse passed through a perfect 
low-pass filter (flat response, abrupt cutoff and 
perfectly linear phase) will emerge with perfect 
left-right symmetry, but with leading and trailing 
edge 'ears!' 

1 Miscba Scnwartj, Infoimation Trammlsiion, Modulation, and Noise, 
McGraw-Hill, 1959, on. 4148 



Performance of the new tape recorder is shown 
in the accompanying oscillograms. A 100 kHz 
square wave was applied at the 120 ips speed (1.5 
MHz bandwidth). The output waveform, left, 
shows good phase linearity as compared to the 
waveform, right, reproduced without phase equal 
ization. 




terns, .i blower need not be used, Aii is 
not drawn through the machine, thus 
avoiding the possibility <>f airborne 
abrasives damaging intern. il compo- 
nents. 

TAPE PATH 

LoW-frcqucne y pertui bat ionsol latge 
amplitude are generally introduced by 
the supply and take-up reels, because 
of unavoidable eccentricities in the 
pat king of tape on a reel. Smaller high- 
frequency perturbations are caused by 

all elements ol the tape path, inc lutl- 
ing the heads, as the tape suapes over 
them. Fig. X (a). These tape perturba- 
tions ate called flutter An electrical 
analog of the tape path ma) be derived 
by forming the analogy that the tape 
velocity is analogous to voltage: that 

tape tension is analogous to current; 

that llllid viscosity is analogous to re- 
sist. in<e: that mass is analogous to ca- 
pacitance; and that spring constant is 
analogous to indue i,tn< e 

This electrical analog. Fig. H(b). 
shows that the problem of removing 
flutter is similar to that ol filtering rip- 
ple from a powei supply. 'I wo powei 
supplies (reels) are in parallel, and the 
ripple is filtered at the centei node be- 
tween them which corresponds to the 
center point between the heaels. V.ni- 



ous circuit elements provide low-pass 
fillet ing ie> permit uniform tape veloe- 
ity past the heads (voltage at centei 

node), shielding the heads from the 
high amplitude reel-induced 'noise! 
The fluid-coupled dual flywheels by- 
pass the ripple te> 'ground; and the com- 
pliant aims ble>ek perturbations even 
before they reach the flywheels. The 
Mullet roller between the heads shorts 
the high-frequencj perturbations to 
'ground. Resist. m. i' dements in tin- svs 
tem— dash pots and fluid coupling — 
keep Q low foi best filtei response. 

PACKAGING 

Because a multichannel tape re- 
corder is in reality several distinct in- 
struments, it is necessary to insitte that 
all channels ate operating properly 
and that all of the controls arc easily 
accessible to the operator liom tin- 
front panel. \ meter in each channel 
used to monitor record level also dou- 
bles as a bias presence indicator. Re- 
<e>nling without bias is nearly equiva- 
lent to not recording at all. There- 
fore, with an indication ol bias pres- 
ence and the- record signal adjusted to 

the propel level, the opcialoi i- as 

sured that the record channel is in 
operation. A single meter in the repro- 
duce system nm be switched to each 

6 



i hannel toe hee k the leprotlue eel signal 
All e>l the electronics modules have 
accessible Front panel controls and can 
be removed from the front. The tape 
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Fig. 9. Each record and reproduce am- 
plifier accept* three plug-ins lor equal- 
izer twitching (a I. Equalizers are 
mechanically switched into the circuit 
by merely pressing them from the Irani 

panel. A three woy teeter-totter mech- 
anism (l>) disconnects any other equal- 
izer automatically when one is pressed. 



transport mci h:inism also is removahlc 
ln>ni the limn. All of ilie amplifiers 
ait on priated-circuit boards and are 
connected 10 the rest of the system by 
primed-H in nit mothei boards, thus in- 
s 1 1 1 i 1 1 Li 1 1 1 .1 1 .ill < I i.i i) i il l parasitic* arc 
equal, do noi vary, and are the sane 
Fol .i 1 1 > ma< hine. 

Kadi tcprodute ainplilui accepts 
three equali/a plug-ins Eoi tut) three 
pi the six standard tape speeds. Rg. 

!l(a). Rapid speed changes arc made 

possible by a three-waj teeter-tottei 
met liaiiism. When the push-bat on one 
equaliser is depressed, die previously- 
connected enualixei is automaiicail) 
disconnected, Fig. 9(b). I lie plug-in 
equalizers are replaceable from the 
from panel without removing the am- 
plifier module Connections are made 

lluoui'li lii|rh pre ssure sliding contacts 
ensni inn ilepemlalile suili hint;. e\en 

in .i hostile environment, 

TEST SIGNALS 

lesi inputs arc located »n du- from 
■ i| die record main frame, 1i> apply a 
lesi sinn.il i<> a track, die signal is i on 



IH'i led lo die lesi |.n I and die appro 

priaic buiioii pushed. The normal 

data signal inpul is removed and die 
le>l signal inseiled in (lie retold am- 
plifier. The output iesi points from 
die reproduce amplifiers a"' similar!) 
available ai die lioin ol die system, 
rherefore, ii is possible lo check all 
channels from die from panel. 
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SPECIFICATIONS 

-hp- 

MODEL 3950 
MAGNETIC TAPE 
RECORDERS 

Tape Transport 

Reel Site: 10' . lo 15 in. 

Tape Width and Thickness: ' . or 1 In wide. 10 
mil thick. 

Transport Speeds: 120. 60. 30. 15, IV,. and 3% 
ips. Other groups of sin speeds available .it 
extra cost. 

Pushbutton Operating Controls: Stop, Play, Re 

verse. Forward, Record, Speed (6), and Power 
Remote Control: Connectors on rear permit rc 

mote control of all transport operations ex 

cept speed selection. 
Start Time: Within speed limits in 6 seconds. 

flutter within specifications in 10 seconds 

maximum 

Rewind Time: Approximately 4 minutes for 9200 

ft.. 4VS minutes for 10,800 ft 
Drive System: Open loop, damped 
Total Interchannel Time Displacement Error 

(static and dynamic): 3 I t:s at 60 >ps. ' 0 5 

us at 120 ips between two adiacent tracks 

on same head stack. 

Flutter: 

Speed 



120 IPS 



60 IPS 



M IPS 



Bandwidth 
0-200 Hz 
0-1 5 kHz 
0-10 kHl 
0-200 Hi 
0-1 5 kHz 
0-10 kHl 
0-200 Hz 
0-1.5 kHl 
0-5 kHz 



Flutter ip.p) 
0.2% 
0 3% 
0.6% 

0.2% 
0 3% 
0.6% 
0.2% 
0 5-: 
OS 



' If expressed as RMS flutter, the valves would Of U to 
of those listed. Proposed 1966 reviion of IRIG 106 65 
specifies that flutter be within Hated peak-to peak limits 
95% of me time Or inn basis, values of flutter ire nib 
stint. ally lower. 

Time Jitter The random litter in the reproduced 
signal between any two events is typically 
within the following peak to peak 3 sigma 
limits lie. 99 7% of the t-mel: 



Tape Speed Time Interval Jitter PP 

Inches/Sec Milliseconds Microseconds 

120 0.1 0.3 

120 1 1.5 

60 0.1 0 4 

60 1 2-0 

30 0.1 0.4 

30 J 3.0 

Tape Interruption Sensing: Tape breakage or 
end-of-reel runout is sensed by the take up 
reel tensioning arm to stop the transport It 
is unnecessary to prepare tapes with markers 
before use 

Braking: By feedback type mechanical brakes 
which provide power. fail safe operation in all 
modes 

Magnetic Head Assembly: The head assembly 
meets IRIG document 106 65. Part 6 Including 
mechanical geometry, numbering, aiimuth, 
and polarity 
Tracks: 7 tracks on Va in and 14 tracks on 1 in 

wide magnetic tape 
Drive Speed Accuracy: 

Standard 60 Hz ^ 0 03% Commercial Power 
±0.25% of nominal capstan speed with 
1.0 mil tape Speed proportional to line 
frequency. 

47 to 63 Hi Lme Frequency; -tO.25% of 
nominal capstan speed wilh 1 0 mil tape 
when capstan is powered by optional HP 
3680A Stable AC Power Source; ' 0 02% 
of nominal capstan speed using optional 
HP 3680A Stable AC Power Source and 
3681A Tapespeed Servo, meets IRIG 106-65. 
Section 6.3.6.3. 
Tap* Footage Counter S digits, 4 0.05% ac- 
curacy 

Direct Record /Reproduce System 

Frequency Response: 

Speed Minimum 
Hs; Bandwidth" S/N Ratio*' Rise Time"* 
120 0 4 kH/-15MHr "> 30 dB <0'»t 
60 0 4kHl-750kHl > 29 dB < 0.8 „s 
30 04kHl-375 kHz > 29 dB 1.6 *s 

' ±3 dB 10 kHz to upper bind idle. - 4 OB 0 4 mi lo 
upper band edge. 

Signal frequency at 01 i upper band edge, record 
level at 1% 3rd harmonic distortion on tape using 
—18 dB.'OClire filter ? dB down at band edge 
'•' fundamental of square wave at 0 I « upon band edge 
Equalization: Each amplifier will accommodate 
three equalizers to meet requirements of IRIG 
standard 106 65 



Input Level: 0.25 to 30 volts rms. 
Input Impedance: 1000 ohms. 70 pf, unbalanced 
to ground. 

Output Level: Up to 1 volt rms into 75 ohms. 
Output Impedance: 75 ohms, unbalanced to 
ground 

Harmonic Distortion: When recording at the nor 
mal level (1% third harmonic distortion on 
tape) or less at any frequency, electronically 
caused distortion is less than '. j % of signal 
Front-panel Operating Controls: 

Record: Record Level Meter Adiust, Record 
Level Control, Bias Level Control, Bias Indi 
cator Switch, and Bias and Input Test 
Points. 

Reproduce Output Gam Control. Equalizer 
Amplitude Adiust, and Pre-nmp Output Test 
Points- 
Signal Connectors (input and output): BNC fe 

male 



Reel 

-hp- size 

Model (mar in ) Trac'i 



Price 

Direct FM 
Syslemii Systems' 

15MHI dc to 20 kHl 



3950* 
3950B 



15 
15 



14 $19,700 
7 $13,350 



$21,030 
$14,015 



1 Standard features included in all systems it above 

prices. 

i Meters on ill record channeli. 

b Meter switched in each reproduce mainframe. 

c. Tape footage counter. 

d. Bus oscillator in record mainframes 

e. Reel of high quality instrumentation tape and empty 
reel, 

?. With a full set of reproduce as well is record impli- 
fUrs Direct record amplifiers operate it all sn speeds 
Above prices include speed related networks for any 
three speeds lo: all Direct Reproduce, TM Record, and 
FV Reproduce amplifiers 

3 DC to 400 kHz wideband FM optionally available 

MANUFACTURING DIVISION: 

—hp- Microwave Division 
1501 Page Mill Road, 
Palo Alio. California 94304 

Prices f.o.b. factory 
Data subiect to change without notice. 
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A Current Preamplifier 
for Magnetic Tape 
Playback Systems 



In the article describing 'he -hp- 
model 3950 Tape Recorder on 
page 2 of this issue, mention is made 
of the current sensing preamplifier' 
used in the playback system. This 
novel method eliminates many of 
the disadvantages associated with 
present wideband, high frequency 
reproduce systems which amplify 
the voltage generated by the tape- 
head. 

The tape wide band voltage am- 
plifier must be designed With an in- 
put impedance high enough so that 
the voltage output from the head 
will not be attenuated. In such high 
impedance s\ .stems, distributed in- 
put capacitance tunes wiih the in- 
ductance of the head to inllucnce 
the high-frequency signal amplitude 
and phase characteristics. This 
means careful control in design and 
continuous adjustment dm ing head 
life. 

Also in voltage sensing systems .1 
signal attenuation is found to occur 
at higher frequencies due to eddj 
current effects in the core of the 
head. These, together with gap 
losses and other eileiis. require ad- 
ditional high-frequency compensa- 
tion. 

1 Pjient applied for. 



The use of a low-input impedance 
current amplifier is found to elimi- 
nate the effects of input capacity on 
the signal current and to minimize, 
if not remove, the effects of eddy 
current losses. It also provides for 
improved system signal-to-noise per- 
formance. 



EQUIVALENT CIRCUITS 

In the simplified \oltage equiva- 
lent circuit of a tape head. Fig. 1(a). 
the voltage generated across the am- 
plifier input (when input impe- 
dance is high) is known to be pro- 
portional to the rate of change of 
flux through the head. The Norton 
equivalent circuit to Fig. 1(a), the 
current equivalent model, is shown 
in Fig. 1(b), and in greater detail in 
lie), li generates the identical volt- 
age of Fig. 1(a). The signal current 
i, from the familiar LI = iic/> equa- 
tion, is proportional to rty/L and 
iherelore is propi n liona I to tape 
flux rather than rate of change of 
lltix. Inspection of the current mod- 
els. Fig. 1(b) and 1(c). shows thai 
I lie use of a tOW-input impedanc e- 
amplifier achieves a number of de- 
sirable features. 







:2*of 






' preump 



(A) 











L 1 

1 





2,M 
preamp 











■ 




sC 3 


■ Z.ot 
► preamp 



(C) 



Fis 1. Basic equivalent rimiils oj the 
head. The voltage equivalent model is 
shown at (A) and the current equiv- 
alent model at (B). Losses are de- 
tailed in the current equivalent head 
model (C). 
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Fig. 2. F requency characteristics compared for voltage 
and current models. The current model does not have 
the rising characteristic of the voltage model, hut is flat 
for lower frequencies. 



From Fig. 1(b) and 1(c) it is ap- 
parent that the distributed capaci- 
tance C, the head inductance I., and 
the cote loss resistance R p are short- 
ed out by a low-input impedance 
7.,,. Thus the bandwidth limita- 
tions caused by capacitance arc well 
above the highest frequencies of in- 
terest. Amplitude and phase varia- 
tions due to i uning effects are there- 
fore eliminated. Eddy currents 
which affect head inductance and 
< ore loss, and normally cause signal 
loss in voltage amplifier systems, 
now have a minimum effect on sig- 
nal amplitude. The low frequency 
limit of the system is set by L in 
parallel with R. plus Z,,,. 

Therefore, with a low-impedance 

input, the output will be that of the 
equivalent current generator, u. 
and will not exhibit the typical 6 
dB octave rising characteristic and 
head impedance influences found 
with voltage amplifiers. T his also 
means that the signal amplitude is 



cssentialh independent of tape 
speed, an important factor in am- 
plifier design for multiple-speed 
tape systems. 

Elimination of the 6 dB /octave 
characteristic means that low fre- 
quence equalization is no longer re- 
quired (Fig. L'i Hut high licqueix \ 
attenuation is more severe and 
greater equalization is required to 
compensate lor the high-frequenc y 
losses. (However, high-frequency 
equalization is needed with both 
voltage and cut tent preamplifiers 
to compensate for high-frequency 
attenuation clue tO gap effects, etc.) 

The equation for signal current, 

i, = 110 I., calls attention to an 
other interesting property of this 
system. Since I. is pioportion.il to 
n-'. it is apparent that the signal cur- 
rent is inversely proportional to the 
number of turns in the winding. Fx 
pc'iiincni allv. signal aiuplit tide does 
indeed increase with decreasing 



turns, and contrary to the usual ap- 
proach, makes it appear desirable to 
use as few turns as possible. How- 
ever, signal-to-noisc considerations 
are found to override this and dic- 
tate the optimum choice of head 
inductance. 

The low-input impedance ampli- 
fier allows greater freedom in the 
design of the input circuit for op- 
timizing the signal-to-noise ratio. In 
the -hp- svstems, the head induc- 
tance, cable parasitica, and input 
circuit parameters have been chosen 
to maximize signal -to-noise ratio. 



-Arndi B. Bergh 




ARNDT B. BERGH 

Arne Bergh joined -hp- in 1956 
and has worked on advanced re- 
search and development of several 
instruments including the -hp- 
Model 428A and 428B Clip-on Mil- 
liammeter. He was in charge of the 
development of the Magnetometer 
and large aperture current probes 
for the 428B Clip-on Milliammeter 
probes. He also worked in the de- 
velopment of an ink tester used to 
determine magnetic content of ink 
used on bank checks. Arne received 
his BA degree from St. Olafs Col- 
lege in 1947 and his MS in Physics 
from the University of Minnesota in 
1950. He holds several patents, has 
several pending, and is a member 
of IEEE. 
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Wideband 

Cavity-type 

Coaxial 

Frequency Meters 

A discussion of the con- 
struction used to achieve the 
broad frequency range of 
the -hp- microwave cavity 
wavemeter. 



^CALIBRATING a signal-generator 
dial is a good example <>i a lask 
Which calls for frequency measure- 
ments thai are accurate within 
about 0.1%i or one pari in 10*. 
Since the best dials have tracking 
errors of I % or more, it is not net es- 
sary l<> use a calibration system 
which is more accurate (and more 
expensive) than a 0.1% system. 
There ate man) other situations in 
which 0.1% frequency measure- 
ments are sufficiently accurate, and 
in these situations the best fre- 
quency meter to use is a cavity wave- 
meter— a simple, inexpensive, pas- 
sive device. 




FSg. 2. -lip- Models 536 A (r) and 537 A (I) Coaxial 
Frequency Meiers are inexpensive, reliable, and free 
from spurious responses over their frequency ranges, 
which are 0.96 GHz lo 42 GHz and 3.7 GHz to 12.4 
GHz. respectively. High-resolution spiral scales have 
tracking errors less than ±0.1%. 



lwo cavity wavemeters have been 
developed by the -hp- Microwave 
Division for measuring frequencies 
in coaxial systems. Although these 
units have both been in produc tion 
for some time, they are still con- 
siderably mote advanced than any 
oilier meter in their class. Unlike 
some cavity wavemeters, these two 
have wide bandwidths and are com- 
pletely free horn spurious responses. 

I he coaxial wavemeters are 
simply calibrated tunable cavities 



-hp- 8690A 

SWEEP 
OSCIILATOR 

Sweep 



-hp- 537A 
COAXIAL FREQUENCY 
METER 



-hp- 140A 




o 






OSCILLOSCOPE 





-hp- 423A 
DETECTOR 



• FILTER - 



-hp- 8491 A 
ATTENUATOR 



-hp-8491A 
ATTENUATOR 



-hp- 8491 A 
ATTENUATOR 



Fig. 1. Typical of the many uses of cavity frequency meters 
< wavemeters) is that shown here. i.e.. providing an accurate 
frequency marker in a swept-frequency measurement of a 
filter response. Wavemeters indication of frequency la dip 
in the oscilloscope trace) is accurate within about 3:0. 1 % 
compared with 1:1% for signal-generator dials and markers. 



coupled to coaxial transmission 
lines, lb measure the frequency of 
a signal on the transmission line, 
the wavemeter is tuned until the 
transmitted power dips, iudicatiiiL; 
that the resonant frequency of the 
cavity is the same as the transmitted 
frequency, and that the cavity is 
absorbing pOWei bom the transmis- 
sion line. The unknown frequency 
is then read from a calibi.ited dial 
on the wavemeter. limed off res- 
onance, the wavemeters ate just 
transmission lines, so they can be 
built into a system or used in a 
swept-f rcquency setup without in- 
terfering with other parts of the sys- 
tem. In operation, a detected and an 
indicator are required to monitor 
the transmitted power, as shown in 
the typical measurement setup of 
1'ig. I . 

The two wideband -hp- coaxial 
wavemeters (Fig. 2) operate from 
0M GH/ to 1.2 GHz and from 3.7 
GHz to 12.4 GH/. At resonance, 
they produce a clip of at least I dB 
in the transmitted power (Fig. 3); 
oil resonance. VSWR is less than 1.2 
in the lower frequency unit and less 
than 2.0 in the higher frequencv 
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unii. Cavity Q's are 1500 Ki 1000 in 
the low-lrccpicnty version, and 1200 
to 2000 in the high-frequency ver- 
sion. 

Frequencies arc read direc tly and 
with high resolution from the spiral 
stales of the two loaxial waveme- 
ters. Tlic stale of the 4-2-GHz wave- 
meter is ISO inches long and has cal- 
ibration marks every 2 Mil/ I hese 
marks are more than Kb inch apart, 
even at 1.2 GHz. 'he SCStle <>f the 
12.4-GH* instrimient is SI) in. In s 

long and has 10-MH/ increments. 
Calibration marks are more than 
'iu inch apart, even at 12.1 (.11/. 
Both scales read accurately within 
±u.\' v . The extreme resolution 

and readability of these scales per- 
mit individual stale correction 
charts to be made so that readings 




V 



Fig. 3. Oscillograms shouing dip 
produced by —hp- 6S7A Frequency 
Meter. Marker I derived from house 
frequency standard) is at 8.4 (HI:. 
Cavity Q of Model 537/1, measured 
on these oscillograms, is greater 
than 2000. (a) Wuvmclir not tuned 
exactly to 8.4 GHz. lb) Wavemeler 
tuned to 8.4 GHz. Horizontal: 10 
MHz/cm: Vertical: linear in powtr. 



Fig. 4. Simplified cross-sec- 
tional eieie of Model ;~>:itiA 
Frequency Meter. Cavity 
is tuned by moving plunger 
up and down. Choke see- 
lion produces excellent 
shm t circuit between 
plunger and cavity walls 
at point indicated. Model 
537 A cavity is similar, hul 
uses contacting fingers in- 
stead of choke section to 
produce sliding short. 




(■tapped down 
wlai ol cjvttn 



can be repeated with errors much 
smaller than 0.1%. There are no 
Spurious responses at any dial set- 
ling, and there is virtually no back- 
lash in the inning mechanism. 

CAVITY DESIGN 

The cavities used in the- coaxial 
wavemeters are quarter-wavelength 
coaxial transmission lines, shorted 
at then upper ends and open at 
i heir lower ends (Fig. I). Each wave- 
meter is tuned by moving a center 
conductor, or plunger, along; the 
axis of the cavity, thereby c hanging 
the elleciive length of the cavity. 
One of the critical problems in the 
developmeni of [he wavemeters was 

thai <>i achieving :| good sliding 
short between the plunger ami the 

Upper end of the cavily, In ihe 
lowcr-lrecpienc \ wavemcter. an ex- 
Cellem shori is established by a 
clinke sec lion with an air dielectric 
(Fig. I). 1 In the higher Irecpieiics 
version, contacting fingers are used 
instead of a < hoke sec tion, and prob- 
lems ol rough tuning, low O. .mil 
excessive wear have been avoided 
l>\ choosing the proper materials, 
surface finish, and finger geometry, 
lb ■ in re. esc- the bandwidth* of the 

'For an introduction to choke couplings see G. C. South- 
worth. 'Principles and Applications ol Waveguide Trans- 
mission, - D. VanNostnnd Co., Inc., New York, 1950 
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Wavemeters and eliminate threc- 
quarter-wavelength spurious reso- 
nances, a 'loading capacitance' is 
added to the open end of each cav- 
ils bv stepping down the diameter 
of the cavity near iis bottom end 
(Fig. I). At high frequencies the 
plunger is far away from the load- 
ing capacitance and ihe cavity ap- 
pears to be a pure cpiarier-wave cav- 
ii\, As the lower end of the band is 
approached, ihe plunger penetrates 
closer to the stepped-down sec lion 
and the cavity becomes a quarter- 
wavelength cavity loaded with a ca- 
pac itance. 

Energy is coupled into the cavity 
In means ol a well-matched section 
ol st i i pi i tie located near 'he stepped- 
(lown end of the caviiv. Placing the 
coupling section near the Stepped- 
down part of the ca\it\ causes the 
coupling to be higher at low fre- 

quen< its ih. in at high frequencies 

because ihe plunger is closer to the 
stepped-down end of the cavity at 

low frequencies, increasing the cou- 
pling .it low Frequencies helps com- 
pensate foi the lowering of cavity Q 
by ihe loading capacitance at low 
frequencies, thereby making the re- 
sponse of the wavemeicT at reso- 
nance more nearly ihe same at all 
cavii\ sellings. 
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MECHANICAL DESIGN 

A simple bin precise mic romcicr- 
type lead-screw drive positions ilie 
plunger of the low-frequency wave- 
meter to within --0.0003 inch and 
that of the high-frequency version 

l«i within —0.1)001 inch, lii insure 
that these tolerances will he main 
tained after long use and over wide 
temperature ranges, materials have 
been chosen which have compatible 
coefficients of expansion and high 
wear resistance. Maximum tem- 
perature coefficients between 0 n G 
and 55°G are only 0.00J6%/°C for 
the lOW-frequency wavemeter. and 
only 0.001'-,, C lor the high-fre- 
quenc) unit. Typical axial wear of 
the lead screw assemblv is onlv 
0.0001 inch alter 10.000 cycles, 
equivalent to a frecpiency shift of 
one part in 10' at 1.2 GHz (low fre- 
cpiency version) and 2.. r i parts in 10' 
at 12.1 GHz (high-frequency ver- 
sion). 

ACKNOWLEDGEMENTS 
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developments anil to James Ferrell 
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Tony Badger joined the -hp- Mi- 
crowave Division in 1960 after receiv- 
ing his B.S. degree in mechanical 
engineering from Stanford University. 
He has contributed to the mechani- 
cal design of a number of instru- 
ments, and had project responsi- 
bility for the mechanical design of 
the 8690A Sweep Oscillator. He was 
project supervisor for development 
of the 537A Coaxial Wavemeter and 
of a precision 7mm coaxial connec- 
tor; he holds a patent on the connec- 



SPECIFICATIONS 

-hp- 

MODELS 536A AND 537A 
COAXIAL FREQUENCY METERS 

FREQUENCY RANGE: 536A. 0 96 GHz to 
4.2 GHz; 537A. 3.7 GHz to 12.4 GHz 

DIAL ACCURACY: n0.1% (±0.15% for 
536A from 0.96 to 1.0 GHz). 

OVERALL ACCURACY (dial accuracy plus 
allowance of -0.02% for 0 to 100% 
relative humidity, t 0.0016%/ - C from 
13* to 33"C. and 0.03% backlash): 
±0.17% ( = 0.22% for 536A from 0.96 
to 1.0 GHz). 

DIP AT RESONANCE: Al least 1 dB (0.6 
dB for 536A from 0 96 to 1.0 GHz). 

REFLECTION COEFFICIENT OFF RESO- 
NANCE: 536A. < 0.091 (1.2 VSWR, 20.8 
dB return loss): 537A. <0.33 (2.0 VSWR. 
9 5 dB return loss) 

CALIBRATION INCREMENTS: 536A. 2 MHl: 
537A. 10 MHz. 

CONNECTORS: Type N female. 

PRICE: 536A, J500; 537A. $500. 

MANUFACTURING DIVISION: 
—hp— Microwave Division 
1501 Page Mill Road. 
Palo Alto. California 94304 

Prices f o.b. factory 
Data subject to change without notice 

for the mechanical design of the 
lOW-frequencN coaxial wavemeter. 
Kendall G. Caldwell made several 
contributions to die final form of 
the high-frequency coaxial waveme- 
ter. 

—Stephen I: Adam and 
Anthony S. Badger 



tor. Currently, he is project supervisor 
for the development of a new series 
of signal generators and attenuators, 
and he is working towards his M.S. 
degree at Stanford on the -hp— Hon- 
ors Cooperative Program. 

A remarkably active person. Tony 
has helped to develop the mechanical 
design case study program now in 
use at Stanford and other universi- 
ties, has served three terms on the 
senior mechanical design judging 
panel at Stanford, and is president 
of his own product design and manu- 
facturing company. He has recently 
purchased the yacht. Gaucho, from 
its first owner, Ernesto Uriburu. who 
sailed it around the world four times. 
Says Tony: 'For a long time my wife 
and I have had a desire to travel. We 
plan to sail the yacht back to San 
Francisco from Washington, D.C., as 
the first stage in our ultimate dream 
of a five-year world cruise! 

A biography ot Stephen F. Adam appears 
on page 19. 
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his note describes a simplified 
lest technique for evaluating 
and optimizing performance of a 
step recovery diode in a single Stage 
frequeni \ multiplier. 

Ib optimize the performance of a 
(requeue \ multiplier, the general 
procedure is to tune alternately the 
matching circuit to reduce the re- 
iki led power and lo adjust the bias 
and output cavity for maximum 
power out at a single frecpiency (see 
Fig. I ). Nevertheless, as the reflected 
power is reduced the bias must be 
readjusted. Readjustment of the 
bias in turn requires further inning 
of ihe matching circuit, and pos- 
sibly the cavity: This bac k and forth 
process continues until what is be 
Iicvcd to be optimum performance 
is achieved. This could be a tedious 
and time-consuming procedure. 

To eliminate this difficulty and to 
facilitate optimizing the perform- 
ance of the multiplier, the bias is 
applied from a I kHz negative 
going saw-tooth voltage generator 
ol low output impedance. This saw- 
tooih bias is simultaneously applied 



Bias Circuit 
tor Diode 

♦ 

Input at Matching 
frequency 1, , Circuit 

I 

Diode with 
Associated 
Circuit 

♦ 

Cavity 
t 

Output at 
frequency 
nf 0 

Fi«. I. General frequency multiplier 
block diagram. 
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Simplified Technique 

For Evaluating 

Diode RF Performance 



to sweep ;in Oscilloscope while the 
output power is being observed. 
Fig. 2 shows an actual test setup 

used to evaluate the hpo 0320 diode. 

A 2301 Inn earlier diode is con- 
nected ac ross the output ol the -hp- 

465A amplifier to clip the positive 

pOl lion of ihe saw-tooth. 

In practice die input power to 
the multiplier is adjusted l>\ humus 
of i Fie variable attenuator with a 50- 
ohxD load temporarily substituted 
for the multiplier. The deflection 
on the oscilloscope is calibrated to 
indicate the desired output power 
level. To record the exact output 
power more accurately, the saw- 
tooth is disconnected by means of 
the switch SW. and either the -.ell 



bias potentiometer R or the bias 

supply is adjusted to give the same 

maximum deflect ton indica ted 

when die bias was swept. 

T his lec hnicpie of displaying out- 
pin powej \s. bias enables rapid 
evaluation <>\ a sup recover) diode 
in a harmonic generator/ for max- 
imum power output. In addition 
spectrum breakup and abrupt 
( haiiges ol power output vs. bias t an 
also be easily observed if present 

Furthermore, sweeping die bias per- 
mits irtstaftt evaluation of diode 

performance over its entire operat- 
ing bias lant-e and reduces lest time 
considerably. Fig, 'i is a photograph 
of an actual display of delected 
power out at 10 GHz vs. bias volt- 



age. Ihe diode being tested is ihe 

hpo 0.520. This particular photo- 
graph reveals the possibility of mul- 
tiple pOW«r peaks, a condition 
which would not be leadily appar- 
ent il swept bias were not employed. 
The author would like to ac- 
knowledge the assistance ol Oavid 

[acoby who assembled the equip- 
ment and performed many measure- 
ments. 

—Bernard Le\ int 




-10 -8 -6-4-2 0 
BIAS (Volts) 



Fig, 3. Oscillogram taken with test 
setup of Fig. 2, showing detected 
power out o[ hpa 0320 multiplier at 
10 GHz as a /unction ol bias collage. 




Bernie Levine joined hp associates 
in May 1966 as a test engineer re- 
sponsible for the design and fabrica- 
tion of microwave test equipment for 
the test and evaluation group. Before 
joining -hp- he was a test engineer 
for microwave tubes and solid state 
devices, and he has also been a tube 
design engineer on low-power trans- 
mitting tubes. Bernie is a graduate of 
City College, New York, where he re- 
ceived his BS degree in 1957 in Elec- 
trical Engineering. He has also done 
graduate work at Stevens Institute of 
Technology. He holds a patent in the 
control circuit field. 
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Fig. 2. Block diagram jor new. simpler procedure lor optimizing performance 
of a step recovery diode multiplier. Diode being tested here is hpa 0320. 
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Swept- Frequency 
SWR Measurements 
in Coaxial Systems 
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An important new swept- 
frequency technique per- 
mits quick and accurate 
measurements of SWR in 
coaxial systems up to 18 
GHz. 



Coaxial components are lighter 
and smaller aru! gcncralh have 
idui li wider bandwidths than equiv- 
alent waveguide units. However, 
despite these advantages of coax, its 
use has until recently been limited 
to frequencies below a few GH/, 
mainly because the best 7-mm eon- 
net tors available — the type N con- 
nectors developed during World 
War II — have had excessive stand- 
ing wave ratios at high frequencies. 
Now. as a result of the urging of the 
IEEE Subcommittee on Precision 
Connectors and the ASA C83.2 Com- 
mittee. the microwave industry lias 
developed precision 7-mm coaxial 
connectors which will operate at fre- 
quencies up to IS GHz with respect- 
abb low SWR.' Consequently, coax 
can be expected to replace wave- 
guide in this frequency range, at 
least for those applications where 
the lower insertion loss and higher 
power-handling capabilities of wave- 
guide are not needed. 

Swcpt-I requeue v SWR-measui -ing 
techniques for coaxial systems, 
chiefly reflet tometei methods, have 
also been unsatisfactory at frequen- 
cies above 2 or 3 GH/. not only be- 
cause of the high SWR o| the ton- 
net tors, but also because of the low 
directivity of directional couplers at 
these frequencies. 3 Fortunately, 
there is a new swepi-frequene v 

l SWR < 1.003 + 0.002 ■ frequency (GH!). See lEEt 

Transactions on Instrumentation ana Measurement, Vol. 

IM-13. No. 4. December. 1964, p. 285 

i Hewlett-Packard Application Note 65, 'Swept Frequency 

Techniques.' 



technique for measuring SWR in 
coax. 1 This method employs i 
slotted line luted with the new con- 
nectors, and its accuracy is excellent 
from 2 GH* to 18 GH/. Hence the 
method is suitable for testing all of 

the new coax components. 

As might be expected with a new 
technique, the convenience and ac- 
curacy of the slotted-line method 
are greatest when equipment is used 
which has been specially designed 
for the application. In this instance 
only one special item is needed, a 
slotted-line sweep adapter designed 
and built by the -hp- Microwave 

Division. I he other instruments 

needed are general-purpose -hp- in- 
struments, although one of them, an 
18-GHz. low-SWR slotted line fitted 
with the new connectors, is also a 
new development. Besides the 
slotted line sweep adapter and the 
slotted line and its carriage, the 
slotted-line method requites a sweep 
oscillatoi ami an oscilloscope. The 
-hp- variable-persistence oscillo- 
stope with the swept-frequenc y indi- 
cator plug-in turns out to be ideally 
suited for this application. 



SWEPT-FREQUENCY SWR 
MEASUREMENT WITH A 
SLOTTED LINE 

The equipment setup lot the new 

SWR-measui ing technique is illus- 
trated in Fig. I. The sweep oscillator 
output is connected to the input of 
the slotted-line sweep adapter, 
which is essentially a short piece of 
slotted line with a stationary detet- 
lui probe. The output of the adapt 
ei's probe is connected to the AI.C 
i ii] >u t ol the sweep ost illator, bann- 
ing -i powci -leveling feed hat k loop. 

1 G V. Sorter ana B. 0. Wemscnel. 'Swept Frequency 
Hign Resolution VSWR Measuring System.' Wemscnel 
Engineering Company Internal Report 90-117, 723-3/66. 
Marcn. 1966. 

• Hewlett-PacHro Application Note St. 'Swept SWR 
Measurement m Coai.' 
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The slotted line is plated between 
the slotted-line sweep adapter and 
the dev ice wh"se SWR is being meas- 
ured, and the output ol the detector 
probe of the slotted line goes to the 
vertical input ol the oscilloscope. 
The horizontal input of the ost illo- 
scope is taken from the sweep out- 
put of the sweep oscillator. 

To permit the slotied-line probe 
output to be displayed on the oscil- 
lOSCOpe with sensitivities as high as 
0.:") tIB cm. the sweep-oscillator out- 
put nuisi be heltl reasonably con- 
stant as the frequency varies. The 
function c\ r the slotted-line sweep 
adapter is to level the oscillator 
power OUtpul in such a way that the 
voltage output of the slotted-line 
probe remains constant with fre- 
quency, except lot the variations 
caused bv the SWR being measured. 
The adapter consists ol a short 
length of slotted line, a well-matched 
(i-tlli attenuator, and two matched 
detector probes, one for the adapter 
and one for the slotted line. Match- 
ing the two probes makes the fre- 
quency response of the adapter 
probe, which samples the oscillator 
power, exactly ecpial to the fre- 
quency response Ol the slotted-line 
probe. Thus the oscillator power is 
adjusted to keep the output of the 
slotted-line probe • -"islam with fre- 
quencv. The <»• attenuator im- 
proves the frequent v response, probe 
isolation, and impedance match of 
the adapiei . 

The slotted line shown in Fig. I 
is a new precision MalMvpe - line 
with very well mate bed transitions 
at each end. Connectors can be 
either the precision 7-mm type or 
improved type N connectors which 
also operate up to IS GH/ bin have 
slight!} higher sWR. With the 
7-mm connectors, the residual SWR 
of the slotted line varies from 1 .02 
at 2 GH/ to 1.04 at 18 GH/. With 
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Fig. 1. Equipment setup for swept-frequency SWR measurements 
described in text. Method is highly accurate from 2 GHz to 18 GHz. 



the type N Counci lors. SW'R is I .OS 
.a i- (,H/ and l."'> :<t I* GHz. 

Uthough am on illoscope can be 
used For displaying the slotied-line 
output, the variable persistence and 
storage feature of the one shown in 
Fig, I is particularly nscf n I because 
ii (Jtimiis the unknown SWR t • « be 
read directly From tin- display. If a 
non-storage oscilloscope i-- used, ilic 
s\\ R. data has to l>c photographed, 

using a lime exposure. The SWCpfr 

Frequency-indicator plug-in is also a 

great convenience because it has a 



[egarithinii verti< a] amplifier Whi< h 
makes it possible to read SWR di- 
rectlj in dB. 

OPERATION AND THEORY 

Uthough in operation the sweep 
oscillator will be swept internally, 
ihe new SWR-measuring technique 

i. in be explained best In pointing 
■ mi what happens .n .i fixed fre- 
quency. Fig. 2 is a series of oscillo- 
grams taken with the equipment of 
Fig. I. In Fig. 2. points cm the hori- 
zontal axis correspond 10 frequen 
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cics between 8.2 and 12.4 Gil/. The 
vertical scale Factors are all 0.5 
dB/cm. 

Fig. 2(a) shows what happens at a 
single frequency when the slotted- 
line carriage is moved over at least 
one-half w-avelength: the oscillo- 
scope traces out a vertical line whose 
length is equal to the SW'R (in dB) 
oi i he device being tested. That this 
is i rue t an be shown as lollows. 

Transmission-line theory tells us 
thai a uniform, lossless line termi- 
nated in an impedance which is not 
equal to its characteristic imped- 
ance will have two waves traveling 
on it in opposite diret lions. Besides 
the incident wave F, traveling to- 
wards the load, there will be a re- 
llected wav e F. going in the opposite 
direction. I he incident and re- 
flected waves will interfere and form 
a standing-wave pattern on the line. 
If the voltage on the line is meas- 
ured, it will be found that ihcrcare 
points of maximum voltage 

I' i:.;in ~ f + ' : 

and points of minimum voltage 

E-mln = |E| I |^-rl 

The maxima and minima will be 
one-half wavelength apart. 

Sianding-wave ratio is defined as 

SWR I 

If ihe slottcd-line carriage oi Fig. 
1 is moved over at least one-half 
wavelength, the oscilloscope spot 
will move up and down between 

E and E and will trace out a 

line like that shown in Fig. 2(a). IF 
the OSc i!loSCO|>c has a linear vertical 

amplifier, E and E c an be read 

from ihe display and the SW'R can 
be call ulated. However, it is much 
belter if the oscilloscope has a loga- 
rithmic vertical amplifier, because 
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the oscilloscope will then display a 
vertical line with length 



= log 10 SWR. 



II the vertical amplifier is calibrated 
in dB cm the SW'R in <IB is simply 
the length of the vertical line traced 
out on the display as the slotied-line 
carriage is moved over one-hall 
wavelength or more. The SW'R can 
easilv he lead from the trace and 
then converted to a voltage ratio by 
the formula 



SWIl = ]ogr.(f) 



For the single Frequency of fig. 2(a), 
the SW'R is about 0.5 (IB or 1.06. No- 
tice that when the display is loga- 
rithmic, only the vertical length of 
the trace is significant, and the base- 
line does not have to be displayed. 
Fig. 2(b) shows a series of traces cor- 
responding to SW'R measurements 
at several fixed frequencies. 

Now if the sweep oscillator is 
swept internally several times per 




































































































































i 














-1 







Fig. 2. Oscillograms made with setup of Fig- I. showing 
measurement of SWR o\ a load. 

(a) At single frequency, trace moves up and down 
as sloltcil-line carriage moves over at least one-half 
wavelength. With logarithmic display unit, length of 
vertical line is SWH in dB. 

(hi Multiple exposure showing SWH measurements 
at several fixed frequencies across hand. 

(c) Typical pattern produced by swept-frequency 
measurement. Vertical: 0.5 dB/tm: Horizontal: $2 to 
12.4 GHz. 
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second in hiss die frequency band, 
and it at the same lime i lie carriage 
of t lie sloiied line is moved manu- 
ally over at least one-hall wavelength 
ol the lowest frequency in the band. 

either a time exposure of the oscil- 
loscope displav 01 a stored pattern 
will look like Fig. 2(c). This tech- 
nique, i.e.. manually moving the 

slotted-line carriage while the oscil- 
lator sweeps automatic ally, is the 
normal one for making swept-fre- 
tjuency SWR measurements. It 
y ields results like Fig. 2(c), in whii h 
the Width of the pattern as a func- 
tion of frequency corresponds to the 
SWR (in dll) nl the device being 
tested. 

ERRORS 

Sources of error in die swepi-lre- 
(|uency sloited-line SWR-ineasuring 
tec hnique are as follows. 



LINE This is the principal source of un- 
certainty and the limiting factor on the 
accuracy of the measurements. For the 
slotted line shown in Fig. 1. residual SWR 
(including the 'slope' of the slotted line, 
or the change in SWR with carriage posi- 
tion due to attenuation) is less than 1.03 
to 12.4 GHz and less than 1.04 to 18 
GHz. with the precision sexless 7 mm 
connectors. SWR with the improved type 
N male and female connectors is slightly 
higher. A residual SWR of 1.04 causes an 
uncertainty ol -±2% in the measured 
reflection coefficient t>. which is related 
to the measured SWR by the relation 

SWR = |+J-d . 

slotted line The detector probes of 
Fig. 1 have square law errors which are 
specilied to be less than 0.05 dB so long 
as the output voltage from the crystal is 



less than 5 mV. The oscilloscope can be 
used to check the probe output of the 
slotted line to make certain that it is 
within this limit over the entire frequency 
range. Square law error can then usually 
be neglected in comparison to the resid- 
ual SWR of the slotted line. If desired, 
the probe can be calibrated by precision 
instruments and its error eliminated en- 
tirely. 

LOSCOPf Specified error of the swept- 
Irequency-indicator plug-in shown in Fig. 
1 is less than 0.02 dBldB. This error is 
also small enough to be neglected in 
comparison to the slotted-line SWR, but 
it may be eliminated it desired by cali- 
brating the display unit. 

SCOPE TRACE This should be measured 
and subtracted from the width of the fin- 
ished SWR pattern of Fig. 2fc). Fig. 3 is 
an example ol a single trace, showing its 
thickness. 
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Fig. 3. Oscillogram made with slotted-line carriage station 
ary, showing finite width of trace which must he subtracted 
from SWR measurements. 



RATE COMBiNATlor. The sweep rate of 
the sweep oscillator and the bandwidth 
of the swept-frequency-indicator plug in 
(Fig. 1) are adjustable. If the bandwidth 
is too low or the sweep rate too high, 
some of the fine structure ol the SWR 
pattern will be lost. Usually the widest 
bandwidth and a fairly high sweep rate 
give the best pattern, but the optimum 
combination can easily be determined 
experimentally, by keeping the slotted- 
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line carriage stationary and adjusting the 
sweep rate and bandwidth for the most 
crooked trace. 

To minimize reflections from the probe 
of the slotted hne. probe penetration 
should be the minimum amount consist- 
ent with the sensitivity of the display unit. 
This source of error is not significant in 
the setup of Fig 1 because of the high 
(50 pV) sensitivity of the display unit and 
the high power f>40 mW at 18 GHz) 
available from the sweep oscillator. 

SLIDING LOAD FOR TWO- PORT 
DEVICES 

When the SWR being measured 
is .ii one ol 1 1 1 ports ol a two-port 
device (Cig.j a section ol line, a <<>"- 
nector, or an attenuator), the 'un- 
measured' port Ol the device iiuisi 
he terminated in its characteristii 

impedance. If i lie device under lesi 
has lOW loss (e>8«j ■' ''tie 1,1 •' con"''' - 
tor), the quality ol the termination 
is very important, because any re- 
flection from it will add vectoriall) 
in the voltage reflected In the dev ice 
being tested. 

In single-frequenc) SWR meas- 
urements and in swcpl-lrecpicnc \ 



rellec toineter measurements where 
imperfectly-matched loads have 
been troublesome, it has become 
Standard practice to use a 'sliding 
load' for a termination. 4 A sliding 
load is simplv a length nl line with 
a movable termination; ii permits 
the phase angle ol the voltage re- 
lict led by the load to be varied with- 
out changing the magnitude of the 
reflection. Hv manipulating the 
phase of the load reflection, il is pos- 
sible io separate the voltage reflet ted 
bv the load liom the voltage re- 
llec led bv the device under test. 

By terminating a two- port device 
in a sliding load, load-rellec lion er- 
rors i. hi be eliminated from the re- 
sults ol the swept SWR-raeasuring 
technique described in this article. 
I he sliding load is mechanically 
linked to the sloi ted-linc c .li nage, so 
the distance between the slottcd-line 
probe and the sliding termination is 
constant." This keeps a constant 
phase angle between the incident 
voltage '' lid lllC pail ol die le- 

< l. X, Hunton ana W. B. Wholey, "lie "Perfect Load' 
ana tne Null Shift - Aids in VSWR Measurements," 
Hewlrtt-Pjckinl Journal, Vol 3. Na 5 6. ;an -Feb.. 1952. 

»B 0. Weinschel, G. U. Sorter, S. i. Rail, and J. E, 
EOeH. 'Preos.on Coanai VSWR Measurements by Cou- 
pled Sliding-Load Technique,' IEEE Transactions on 
Instrumentation and Measurement, Vol. IM 13. No. 4, 
December. 1964. 
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Standard Broadca 
Offset for 



The frequencies of National Bu- 
reau of Standards HF standard 
broadcast stations WWV and 
WWVH and VLF station WWVL 
will continue to be offset —300 
parts in 10'° from the United 
States Frequency Standard dur- 
ing 1967, as they were in 1966. 
The offset enables the broadcast 
1-second time intervals to ap- 
proximate the UT2 time scale 1- 



second intervals, which have 
been lengthening because of a 
very small retardation in the 
earth"s rotational speed. The off- 
set is determined by the Bureau 
Internationale de I'Heure. under 
the International Astronomical 
Union, for the purpose of coordi- 
nating standard time and fre- 
quency broadcasts on a world- 
wide basis. 
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Fig. 4(a)- Typical pattern lor swept SWR measurements on 
slotted line tilth fixed load, (b) SWI{ pattern for same 
slutted line ti lth sliding load ineehanically linked to slotted- 
line carriage, tanking load and carriage eliminates load 
mismatch errors. Vertical: 0.5 dB/cm; Horizontal: 82 to 
12.4 OH:. 



Retted voltage due to the sliding 
load (K|,). Thf width <>f the os< illo- 
m ope pattei a is i hen 



log, 



j E, + + |Er l 

|E, + E,.| - |E r | 



where E, is [lie voltage reflected by 
the device under test, if, as is usually 

I he rase, 

j&l << p4 

tlien the width of the oscilloscope 
pattern is due prim ipally to E r ami 

is an excellent approximation to the 
s\\'R being measured. The princi- 
pal effect oi the load reflection is to 
move the entire pattern up and 
down; the effect of E,. on the width 
of the pattern is negligible. 

I he oscillograms of Pig. -1 show 
ftOW much die width ol the oscillo- 

scope pattern changes when a slid- 
ing load is linked to the slotted-line 

carriage instead of remaining sta- 
tionary. This change represents an 
improvement in the aceurac) of the 

measurement. In Fig. 1 the meas- 
ured SWR was the residual SWR ol 
the slotted line and its connectors. 

When the load and carriage were 

linked, the apparent SWR at 12.4 
(.11/ 1 hanged from roughly o.jS dB, 
or l.dl. to roughly 0.15 dB, or 1.02. 
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